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Abstract ; Porous silicon (PS) is emerging as an important nanocrystallinc material that can be formed and controlled suitably for application as 
gas and vapour sensors, as well.as LEDs and photonic crystals. In this paper, results of in-dcptli investigations on the role of formation parameters on 
porosity, layer thickness and the extent of non'direetional pore growth in PS have been reported Measurements like SEM and AFM techniques, 
photoluminesccnce and XRD studies, have been performed to get the dimensions of Si-nano-cryslallitcs and pores IR ab.sorption spectra have been 
employed to identify the chemical species in as-grown and aged PS layer. The luminescence propeity o f PS has been used to fabricate a 
7-segmcnt display. A theoretical model for vapour sensing in nano-porous medium has been outlined and implemented in porous silicon vapour
Keywords Porous silicon, nano-structure, luminescence, sensor. 
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1. Introduction
Porous silicon has been discovered in 1956 by IJhlir [1] while 
performing electro- polishing experiments on silicon wafers using 
an HF based electrolyte. At that time it was not recognized as 
porous silicon. After the demonstration of tunable, efficient, 
visible and room temperature photoluminescence (PL) from PS 
in 1990 \2] and its possible explanation by quantum confinement 
of electrons and holes inside Si-nanocrystalliies, it has got 
tremendous scientific and technological attraction throughout 
the last decade of the last century. Its optical 131, opto-electronic
[4], mechanical [5], photovoltaic [6] and many other properties 
have been researched extensively.
I
In this paper wc demonstrate our studies on the possibilities 
of modulating trie nanostructures of porous silicon by controlling 
its formation parameters and thereby investigating the influence 
of this variation in nano crystalline morphology on its sensing 
and photonic applications.
2. Experimental
To study the structural morphology and opto-electronic
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properties of PS a number of samples have been prepared by 
electrochemical technique [7J. PS samples were formed on 1-2 
Q cm resistivity p-type (100) orientation c-Si wafers by 
anodization in HF -CH^OH solution in a teflon bath with special 
electrode geometry |8]. Varying electrolyte concentration, 
formation current density and duration of etching has produced 
widely varied PS structures.
Porosity, layer thickness and uniformity factor |7], (a measure 
of pore branching in PS) has been measured using gravimetric 
method [9]. SEM and AFM micrographs have been obtained to 
get some direct idea about the PS top surface and morphology.
To study the possible changes that might occur at the 
surface of PS films due to washing de-ionised (DI) water and 
exposing to ambient air, IR transmission spectra were recorded. 
For this experiment, PS films were lifted off and mixed with KBr 
to prepare pellet for IR spectroscopy (Perkin- Elmer 597).
PL and XRD studies have been applied to get some 
information about the band structure and particle size of PS 
layer. PL spectra of the samples after washing in Dl water 
followed by exposure to ambient air have been recorded by an 
ORIEL set up under UV excitation of 350 nm. From PL peak 
energy values, particle size has been calculated using the PS 
band structure proposed by Wolkin et al [10] for oxidized PS 
layer.
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XRD measurement has been performed on the PS samples 
and the diffraction data have been obtained using powder 
diffractometer (Brukcr D8 Advance). Si-particle si/e has been 
calculated from the peak broadening using Scherrer equation
[11] given by
0.9A
a ( 1)
Scos 0
where B is the F^WHM of the peak at p.
To investigate the electrical properties of PS, dc conductivity 
of a number of PS samples has been measured. From this 
study, thick Al of 500 nm has been evaporated on the PS layers 
followed by heal treatment at 500‘'C for 45 sec to get ohmic 
contact [ 121.
3, Results
Figure 1 shows the SEM micrographs of top and cross-sectional 
view of a typical PS layer formed on p-Si. These figures clearly 
show the growth of pores in vertical as well as horizontal 
directions.
Figure 1. SEM micrograplis of a . lop surface and b cross section ot a PS 
layer having porosity -70%
Figure 2 (i), (ii) and (iii) depict the variation of porosity layer 
thickness and uniformity factor with HF concentration m the
electrolyte, formation current density and formation time 
respectively. Porosity and layer thickness of the samples have 
been found to vary between 40 to 85% and 1 to 6 p.m respectively 
for the variation of formation parameters in the range mentioned 
in the figures. Uniformity factor which is a measure of vertical 
pore growth lies between 2 to 7% indicating large extent of pore 
branching in these PS layers formed on J-2  Q cm p-Si wafer.
Figure 2. Variation of (a) porosity, (b) uniformity factoi and (c) layci 
ihickne.ss with formation parameters of PS
Figure 3 shows AFM topographs and surface profile of two 
different PS layers. The PS layer formed with lower current 
density and hence lower porosity shows larger pores (--100 nm) 
than that formed w'ith higher current density(~10 nm). However, 
density of pores is higher in the later case.
IR transmittance spectra of the PS layers in as-prepared (not 
washed in DI water) and water treated conditions are shown in 
curves (a) and (b) of Figure 4 respectively. IR study of as- 
prepared PS samples showed the lines at -910, 740 and 630 
cm~* indicating the presence of different SiH_^  ^ on PS surface. 
This also showed the presence of broad lines at 2100 cm“‘ 
indicating the presence of Si-H bonds where the Si-atom is back 
bonded to another Si-atom. The samples, which were washed in 
deionised water showed intense peak at 1070 cm“* indicating 
the formation of Si-O-Si bond, 'fhe Si-H peak at 2 lOOcm”* showed 
a simultaneous decrea.se. These curves clearly indicate growth
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Figure 3. AFM topographs and surface profile o f two different PS layers formed with 24% HF for 1 min using (a) 5 and (b) 20 inA/cm^
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of oxide in PS layer after washing in water followed by exposure 
to ambient air. Growth of oxide further reduces the dimension of 
silicon nanocrystallites enhancing quantum confinement.
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Figure 4. IR transmittance spectra of PS layers, (a) as anodized and (b) 
washed in DI water.
Figure 5a shows a photograph of a PL emitting PS layer in 
the red-orange region. PL spectra of some PS films formed with 
different current density in the range of 2-150 mA/cm^ are shown 
in Figure 5b. For the samples prepared with 20 mA/cnr or more, 
double peak has been found. One of these peaks is at '-730 nm 
and independent of formation current density and the other
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peak has been found to vary from 735 to 545 nm in this current 
density range. These results are in conformity with the band- 
model (Figure 6) of oxidized PS proposed by Wolkin eial [i0\. 
Using this band model, particle size in PS layers are calculated 
from the PL energy of the peak blue shifting with formation 
current density using the following equation.
a
........... ............................ , i .
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Figure 5. (i) Photograph of PL emission fiom PS, (li) PL spectra of PS 
formed with 24% HF for 10 min using (a) 2, (b) 10, (c) 20, (d) 40, (c) 80 
and (f)150 niA/cm^
\ l / n
a = \
F - F (2)
Here c and n are constants depending on the degree of 
confinement and having values 1.71 unit and 1.3 respectively 
for quantum dots. Values of calculated Si-particle size fall in the 
range of 2 to 10 nm and are shown in Table 1.
liib lc  1. Variation of PL peak wavelength and calculated Si-nanocrystal 
size in PS with formation current density.
J (mA/ciii'^) (nm) C-'V) ^/;2 (nm) Si particle size 
(nm)
2 735 1.687 — 9 88
10 700 1 771 — 5.88
20 637 1.947 729 3.41
40 597 2.077 731 2 67
80 567 2.187 731 2.28
150 545 2.275 729 2.04
Calculated values of Si-particle size for a typical PS sample 
from XRD powder diffraction (Figure 7) study also fall in the 
range of nanometer (3-10 nm).
80 r
2 3
Diameter (nm)
n g u «  «. Band structure of oxidized PS layer as proposed by Wolkin «  al Figure 7. XRD diffraction peak for a typical PS Layer; Inset : The same 
[10] and the probable recombination mechanisms. fof C’Si substrate.
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Table 2 shows the experimentally found values of the 
effective conductivity. The conductivity decreases from 3.Ox 
10“^  to 5.0x10" '^ mho/cm for the variation of porosity in the 
range of 40 to 85 %.
'niblc 2. Vari;iHon of porosity and cftrctivc conductivity of PS layer with 
formation parameters
Formation parametei s /'_ (%) (ia-')(fxp )
r  (%) ./ (niA/cnr) 7 (min)
w . . . /
48 10 1 4 1 .0 29 4
48 10 3 ' 49 .0 16 3
48 10 5 54 0 i 1 6
48 10 7 59 0 10 7
48 10 10 63 0 2 27
24 5 5 6 5 .0 1.10
24 10 5 71 0 0 99
24 15 5 81 .0 0 .8 0
24 20 5 86 0 0 60
36 10 5 62 0 6 98
12 10 5 7 7 .0 0 .5 0
4. Discussion
From the experimental results obtained from SEM/AFM and 
gravimetric measurements, one can say that the porosity, layer 
thickness, pore size and pore morphology as well as pore density 
can be controlled over a wide range through the formation 
parameters. The AFM results (Figure 3) we have found depict 
that the average size of the pores varies from hundreds of 
nanometer to the order of a few nanometer, A distribution of
pore size around the average value can be observed in each 
case. Low value of the uniformity factor indicates non-vertical 
branched pore growth. This also means existence of a distribution 
of pore dimension in PS. However, vertically grown uniform 
pores can also be developed in n-type c-Si using 
photolithography [ 14].
PL and XRD studies show that the Si-particle size in PS is in 
the nanometric scale leading to efficient light emission in the 
visible region primarily through quantum confinement [10,15]. 
The large value of spectral width of PL can be attributed to a 
normal distribution [16] of crystallite size around an average 
value. However, well defined PS column structure can also be 
developed using successive etching technique ]17] .
IR studies reveal the presence of silicon oxide in PS layers 
exposed in ambient air. So, PS can be modeled as a three-phase 
mixture [18] of voids and Si nano-particles embedded in 
amorphous silicon oxide (Figure 8). Dimension of each phase 
has a normal distribution around the average value that can be 
controlled through the formation parameters or by controlled 
oxidation (IS).
Conductivity measurements show that change in the 
porosity can also vary the conductivity of this nano-composite. 
A comparison between the experimental conductivity and that 
calculated using GEM A [ 19] is shown in Figure 9. An excellent 
match has been found between the theory and experiment within 
a porosity range of 40 to 70%. The mismatch beyond 70% 
porosity has been discussed elsewhere [I2j.
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Figure 8. Ideal representanon ot a PS layer (lefl) Ihe etched array of 
voids in Si, (right) an enlarged area of the PS layer where the Si-nano 
crystals are embedded in an amorphous oxide matrix (adopted from f l8|)
10"
5 _  10-® ^
c £ o O
^  E
> 6
GEMA
EXP
10">
10’“ j 
10«
0 2 d 4 0 6 0.8 
Porosity
1 0
Figure 9. Comparison between calculated and experimental effective 
conductivity of PS
5. Vapour sensing principle
The working principle of a PS based capacitive vapour sensor is 
straightforward : vapour molecules arc adsorbed from the 
environment into the porous layer and then diffuse into it. Due 
to the differences in permittivity, the capacitance of the layer 
changes as a function of the vapour uptake, which is directly 
related to the ambient vapour concentration [20,21 J. The 
sensitivity of PS layer to the vapour is due to the adsorption of 
vapour molecules on its surface as well as condensation inside 
the pores. Thus, the adsorption-diffusion condensation kinetics 
of the vapour molecules inside the porous bulk and consequently 
the change in dielectric constant of the porous layer has been 
modeled with an effective medium approximation (EMA) [19-- 
21).
When the transducer is placed in an environment with a 
certain vapour concentration level, the vapour molecules will 
be adsorbed at the surface of the porous layer. The rate of 
adsorption will be proportional to the ambient vapour 
concentration as well as to the exposed area of the porous layer 
for adsorption.
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After adsorption, the vapour molecules will diffuse into the 
pores of the porous bulk until an equilibrium vapour content 
inside the porous dielectric is reached. This equilibrium vapour 
content will depend on the degree of void filling, which is again 
a function of the ambient vapour concentration level and the 
morphology of the porous dielectric. Due to this diffusion, the: 
water vapour concentration at different layers of the porous ! 
dielectric will increase with time. The equilibrium vapour content 
depends on the degree of void filling, which is a function of the { 
ambient humidity level and the morphology of the porousi 
dielectric. Condensation of water vapour inside a porous: 
dielectric takes place in all pores with a radius smaller than the 
Kelvin radius [20,22J. For cylindrical pores, which are closed at 
one end, the Kelvin radius is given by
n  = - -
2yMy cos d
p ,R T \n Pv
(3)
where and y are the molecular w'eight, density and
surface tension of the adsorbed vapour in liquid phase 
respectively, 0 is the contact angle, p^  ^ and p^ are the 
instantaneous and saturation vapour pressure inside the pore.
PS, with a certain equilibrium vapour content constitutes a 
random mixture of (oxidized) silicon, adsorbed, and condensed 
vapour and air. A capacitor with a porous dielectric consequently 
shows an as-measured or effective value directly proportional 
to the effective dielectric constant of the mixture. This is done in 
generalized effective medium approximations (GEMA). This 
GBMA describes effective dielectric constant of an n- 
phase mixture of dispersed particles as
^1// „l/r c , "" c
J/r (4)
where is the permittivity of the /-th phase with volume fraction 
and (pf, is the percolation volume fraction.
The above equations enable us to compute the effective 
value of the dielectric constant of the porous layer with a certain 
amount of vapour content. Moreover, for a particular vapour 
type, one can compute the transient increase of the effective 
dielectric constant and thus predict the response time and 
sensitivity of the sensor both depending on the moiphology of 
PS structure.
Treating the as-prepared PS as host material and the 
condensed vapour as the d ispersed phase, the vapour 
sensitivity of the sensor (5) can be expressed as [23].
S = ^ (^nrax )
 ^ps (^ min )
(5)
5.7. PS vapour sensor :
Figure 10 shows the photograph of the vapour sensor in 
consideration. PS adsorbing layer was formed on the top surface 
by usual anodic etching method with graphite electrode and 1 ; 
1 HF-CH3OH electrolyte. The planar uniformity of the PS surface 
depends on the surface roughness and on the distribution of 
the applied electric field lines [ 8J, /.c., the uniformity of the current 
density during PS formation. To reduce the effect of variation of 
surface roughness, polished wafers have been used for the 
preparation of PS layers. Further, instead of a single PS absorbing 
layer, small PS areas are fabricated and these small area PS 
capacitors arc connected in parallel. The formation current 
density was -20  mA/cnr for a 24% electrolytic bath to achieve 
the optimum porosity range of 65-75% for these samples. The 
PS layers are oxidized by immersing in boiling for increased
stability of the sensor. This oxidation helps to increase the 
stability of the sample so that further oxidation under exposure 
to humid ambient is slowed down considerably 1151. h als»o makes 
the PS layer more hydrophilic. Top metal contacts and micro 
heater were developed by vacuum evaporation of A1 metal 
through a patterned shadow mask developed by standard 
photolithography technique. For establishment of ohmic 
contacts between PS layer and top electrodes, the sensor was 
annealed in N-, atmosphere [12].
PS Sensing Layer
Micro Heater 
Oxide Layer
Electrodes
(b)
Figure 10. (a) Schematic and (b) actual structure of the PS vapour 
sensoi
Figure 11 shows the transient behavior of a typical PS vapour 
sensor. The ambient water vapour concentration of the sensor 
was changed rapidly using experimental setup (15% rh, 25°C to 
95% rh, 25T ). The sensor reacts within seconds, however, lakes 
another few seconds to reach a stable value. Figure 12 shows 
vapour concentration vs scaled and linearized output voltage
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from the developed vapour sensor for both increasing and 
decreasing vapour concentration. The figure shows a negligible 
hysteresis.
100-
25' ! I t I T "» >' r »
100 200 300
Time (Sec)
Figure II. Tran.sienl characicrisucs of the PS vapour sensor
Figure 12. Relative sensitivity and linearity of the PS vapoui sensor.
6. Electroluminescence in PS
The luminescence property of PS can also be realized by 
application of proper bias to the material. If a Schottky or p-n 
Junction is formed with porous silicon and carriers are injected 
under forward biasing it emits visible electroluminescence (EL) 
as shown in Figure 13. The basic mechanism of EL is like PL 
under UV photoexcitalion but here the excitation is made by
. f n 'M I I n j i n  n r . . , ,
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Figure 13. E t  spectra and photograph of (a) Ag/PS Schottky LED and 
(b) p-n junction PS LED.
application of proper voltage across the junction. Probable 
transition processes during EL in oxidized PS is shown in Figure 
14 and has been discussed in [24,25].
'Silicon Oxide
Oxide related electron trap level
AO
Trap to band recombination f-vsl PS
Band to band recombination p-Si
Figure 14. Schematic band structure and probable EL mechani.sm of Ag/ 
PS/p-Si LED.
The external quantum efficiency of EL and peak wavelength 
are strongly dependent on the degree of quantum confinement 
within the Si-nanoparticles [26~28J. So with increasing porosity 
quantum efficiency of EL increases but this increase in porosity 
causes a strong decrease in conductivity (Figure 9) of the layer 
that hinders sufficient carrier injection from the external source 
leading to lowering in power efficiency of the PS LEDs. Figure 
15 (a) and (b) show the variation of EL spectra and power 
efficiency of some PS LEDs fabricated by deposition of semi­
transparent thin Ag film on PS layers prepared with different 
values of current density.
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Figure 15. (i) EL spectra of PS Schottky diodes prepared with 24% HE 
for 2 min using the following current densities . (a) 2. (b) 5. (c) 10, (d) 30, 
(c) 50 niA/cm^. (ii) Variation of relative power efficiency of PS Schottky 
LED with formation current density of tfic PS layer,
6. /, PS seven segment display :
For fabrication of seven-segment PS display device, a p-type 
(100) silicon wafer (p  ~ 1-2S2 cm) has been taken. Thick silicon 
oxide (~1 pm) has been formed on the whole wafer front area. 
Black ink has been screen printed on the oxidized wafer for 
selective etching of oxide in 10% HE solution to design a seven- 
segment. After the selective etching of oxide, the black ink has 
been removed by treating it in TCE using an ultra sonic cleaner. 
This wafer then has been transferred to a diffusion furnace for 
boron doping. After obtaining a thick p* boron doped (~2 pm), 
n* diffusion (~1 pm) has been performed on the same wafer to
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get n^p"*^  layer. Back ohmic contact has been established by 
screen printing of Ag-AI paste and its subsequent firing proper 
alignment of screen has been done to screen print black ink on 
the wafer for prevention of oxide layer. After baking of this^  
black ink, porous silicon has been formed on the n'^p  ^diffused; 
area through electrcKhcmical etching process performed with 
proper electrode with guard ring for the sake of lateral uniformit)^ 
of the layer. The etching current density and time was 10 mA^ 
cm" and 3 minutes respectively. The HF concentration in th4 
electrolyte was 24%. After the formation of PS layer, the wafei^ 
has been cleaned thoroughly with D1 water and dried undeif; 
clean air atmosphere and then it was transferred to a vacuum 
evaporation chamber for deposition of thin (-30 nm) Ag film. 
The black ink was then removed from the wafer. Standard 
photolithography has been employed to develop shadow mask 
on the wafer for evaporation of thick metal film to form the double 
layer grid structure [291 and the carrier collection contacts. Figure 
16 shows the EL emission from the display. The length and 
width of each segment was 2 cm and 0.5 cm respectively.
Figure 16. f*hotograph of light emission from the 1\S scvcn-segmcnl 
display
7. Conclusions
Porous silicon is a naturally formed three-phase mixture of silicon 
nano crystallites, the embedded Si02 and the adjacent voids. 
The dimensions and morphology of porous silicon can be 
modulated significantly to result in silicon nano crystallites from 
tens of nanometers to a few nanometers by controlling the anodic 
formation parameters. Strong PL and EL arc observed when the 
silicon nano crystallites have the dimensions in the range of a 
few nanometers (<5 nm). A band structure of oxidized PS having 
a fixed oxide trapping level explains most of the observed PL 
and EL behaviour of PS. A seven segment PS LED has been 
fabricated using double metallization technique.
Porous silicon is intrinsically an excellent sensing material, 
particularly for vapour sensing. The adsorbed-diffused- 
condensed vapour results into a significant change in its 
dielectric constant that can be used for highly sensitive 
capacitive sensing. The speed of response and sensitivity again 
depend to a large extent on the morphology and dimensions of 
porous silicon nano structures.
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